We had previously shown that several transcription factors of the ERF family were induced with different but overlapping kinetics following challenge of Arabidopsis thaliana with Pseudomonas syringae pv. tomato DC3000 (avrRpt2). One of these genes, a transcriptional activator, AtERF14, was induced at the same time as ERFtarget genes (ChiB, basic chitinase). To unravel the potential function of AtERF14 in regulating the plant defense response we have analyzed gain and loss of function mutants. We show here that AtERF14 has a prominent role in the plant defense response since over-expression of AtERF14 had dramatic effects on both plant 
Introduction
Plants defend themselves from pathogen attack by an array of mechanisms including pre-formed and induced responses. The defenses may be induced throughout the plant and depends on the perception of the pathogen. Localized and systemic defenses rely on activation of one or more signaling pathways that lead to the induction of defense gene expression. The most studied of these pathways are regulated by salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) or their derivatives (for review see Thatcher et al., 2005) . These pathways have been associated with resistance to different types of pathogens with the SA dependent pathway mainly providing resistance to biotrophic pathogens while the JA and ET pathways provide resistance predominantly to necrotrophic pathogens (Thomma et al., 1998; Glazebrook, 2005) .
In many instances the JA and ET pathway have been shown to regulate similar types of defense genes (Schenk et al, 2000, Lorenzo and Solano, 2004) .
The regulation of plant defense responses is complex with a number of transcription factor families playing important roles (Rushton and Somssich, 1998, Singh et al., 2002) . There is considerable interest in identifying and utilizing key transcription factors in plant defense for engineering increased resistance to plant pathogens in agriculture (Gurr and Rushton, 2005) . One transcription factor family that is being explored is the ethylene response factor (ERF) family, members of which are a point of integration of the JA and ET pathways (Lorenzo et al., 2003) . In Arabidopsis (Arabidopsis thaliana) there are thought to be 147 members of the AP2/EREBP family of plant transcription factors (Feng et al., 2005; Nakano et al., 2006) . The proteins encoded by the AP2/EREBP gene family have diverse functions throughout the plant life cycle including regulation of development, responses to abiotic stresses such as drought and cold as well as to biotic stresses such as fungal pathogen infections (Feng et al., 2005) . The AP2/EREBP family is divided into the RAV, AP2
and EREBP subfamilies with the EREBP subfamily being divided into DREB or A subgroup and the ERF or B subgroup. The ERF or B subgroup contains 65 ERF genes and contains all of the AP2/EREBP genes that have been linked to disease resistance responses (Gutterson et al., 2004) . ERF genes have been shown to be responsive to both JA and ET (Oñate-Sánchez and Singh, 2002, Lorenzo et al., 2003; Gutterson et al., 2004; McGrath et al., 2005) Oñate-Sánchez et al.
-6 -of the ERFs Pti4 and Pti5 by the PTO R protein following recognition of Pseudomonas syringae pv. tomato (Zhou et al., 1997) . ERFs are known to bind to the GCC box and related elements in the promoters of JA/ET inducible pathogenesis related (PR) genes such as the defensin PDF1.2, basic chitinase (ChiB) and thionin (Thi2.1) and either induce or repress the expression of these genes (Menke et al., 1999 , Fujimoto et al., 2000 , Ohta et al., 2001 , Tournier et al., 2003 . Several members of the ERF gene family have been shown to be functionally involved in plant defense against pathogens as over-expression leads to increased expression of PDF1.2, ChiB and Thi2.1 and increased resistance to a range of pathogens, both necrotrophic and biotrophic (Berrocal-Lobo et al., 2002 , Gu et al., 2002 , McGrath et al., 2005 .
Although most ERFs described so far are activators, 14 Arabidopsis ERF proteins contain an ERF-associated amphiphilic repression (EAR) motif (Nakano et al., 2006) , which has been shown to function as a repression domain (Fujimoto et al., 2000; Ohta et al., 2001) . Over-expression of AtERF4, an EAR-containing ERF, reduces PDF1.2 induction by methyl jasmonate (MeJA) and plant resistance to Fusarium oxysporum (McGrath et al., 2005) .
Although over-expression of several ERFs has been shown to modify defense gene expression and resistance to pathogens, little has been reported on defense phenotypes caused by silencing, mutation or knockout of ERFs (McGrath et al., 2005) . Since the ERF family in Arabidopsis contains 65 members (Feng et al. 2005; Nakano et al., 2006) , many of which are regulated by the same stimuli and potentially bind the same promoter element it may be expected that a high level of functional redundancy exists and thus isolation of mutant phenotypes with knockout of a single ERF is uncommon. This notion is supported by the observation that few AP2/EREBP genes have been isolated through loss of function mutant screens. Exceptions are BD1 (Chuck et al., 2002) and its ortholog FZP in maize (Komatsu et al., 2003) and the DREB or A subfamily genes ABI4 (Finkelstein et al., 1998), and CBF2 (Novillo et al., 2004) that control development or response to cold and drought conditions. To date no gene of the 65 member ERF or A subfamily that is associated with pathogen defense has been isolated through a mutant screen.
Previously we identified Arabidopsis ERF genes whose expression was specifically induced by Pseudomonas syringae pv. tomato DC3000 (avrRpt2) Oñate-Sánchez et al.
-7 -overlapping but distinct induction kinetics (Oñate-Sánchez and Singh, 2002) . We chose AtERF14 for further characterization since it was the only ERF whose induction started later than 6 hours following Pst DC3000 (avrRpt2) infection when potential down-stream genes were also being induced. This unique expression pattern suggested that AtERF14 may play a different role to the other studied ERF genes that were induced prior to defense gene induction. We show that over-expression of AtERF14 leads to increased ERF and defense gene expression and pleiotropic effects including severe growth retardation and loss of seed set. Interestingly, loss of function mutations of AtERF14, lead to loss of ethylene-mediated induction of defense genes and other ERFs. These results suggest a non-redundant role for AtERF14 in the coordination of ERF and defense gene expression. Moreover, loss of function mutants showed increased susceptibility to Fusarium oxysporum confirming that AtERF14 plays a key role in defense against some pathogens. These results are the first report of a loss of function mutant phenotype for an ERF activator and shows that the AtERF14 gene is important for ethylene responses and pathogen resistance.
Results:
Over-expression of AtERF14 causes severe growth retardation and enhanced defense gene expression To obtain AtERF14 over-expressing plants the coding region of AtERF14 was fused to a double 35S promoter and the construct introduced into Arabidopsis Col-0 plants.
Transgenic plants over-expressing AtERF14 showed a stunted phenotype from early stages of development and these plants kept on producing rosette leaves, never bolted nor produced seed (Figure 1 These results therefore demonstrate that the stunted phenotype resulting from AtERF14 over-expression is due to a reduction in cell size. Oñate-Sánchez et al. Since AtERF14 loss-of-function mutants had reduced expression of a number of defense genes we were interested in seeing whether these lines were also more susceptible to pathogen attack. We inoculated wild type, We also studied the response of wild type, Since the lines over-expressing AtERF14 were not viable, pathogen inoculation experiments could not be conducted using these lines.
Discussion
The majority of studies on the function of ERF genes in defense responses have focused on genes that are induced early during pathogen infection, prior to the induction of potential downstream genes such as ChiB. Previously we identified pathogen responsive ERF genes with distinct but overlapping induction kinetics following inoculation of Arabidopsis with Pseudomonas syringae pv. tomato DC3000 (avrRpt2) (Oñate-Sánchez and Singh, 2002) . AtERF14 induction was the latest among the ERF genes tested, occurring between 6 and 12 hours after pathogen infection, and Over-expression of AtERF14 had dramatic effects on plant development and defense gene expression. The reduced cell expansion, overall plant size and loss of seed set suggest the over-expression of AtERF14 is sufficient to induce wide spread developmental defects. A similar phenotype was observed in plants having ectopic over-expression of the TINY AP2 transcription factor. In this gain of function mutant reduced cell expansion was seen in the hypocotyls however, unlike the ox-AtERF14 lines, tiny plants continued to set viable seed (Wilson et al., 1996) .
The increase in expression of PDF1.2 and ChiB observed in the over-expression lines suggests AtERF14 is able to activate their expression either directly or indirectly, possibly through the GCC box as has been shown for several other AtERF genes (Fujimoto et al., 2000) . In particular, ERF1 and AtERF2 are regulated through the ethylene/JA pathway and are induced early during pathogen infection (Oñate-Sánchez and Singh, 2002; McGrath et al., 2005) . Although the over-expression of these genes produce up-regulation of defense genes and increased resistance to necrotrophic pathogens (Berrocal-Lobo et al., 2002 , McGrath et al., 2005 , the set of genes regulated by these ERFs must be different to that of AtERF14 since the phenotypes associated with their over-expression differ: AtERF14 over-expressing plants have severe growth retardation and loss of seed set, ERF1 over-expressing plants have a stunted phenotype but produce seeds (Solano et al., 1998) and AtERF2 overexpressing plants do not show a visible phenotype (McGrath et al., 2005) . (Solano et al., 1998; Berrocal-Lobo et al., 2002; McGrath et al., 2005) .
This reduction in the induction of AtERFs following exogenous ET suggests that AtERF14 is required not only for regulation of defense genes through the GCC box but also for the regulation of AtERF genes that do not contain the GCC box in their promoters. One possibility is that AtERF14 may be able to bind to an unidentified promoter element or interact with another protein(s) to achieve this. Alternatively, AtERF14 may regulate AtERF genes lacking a GCC box by binding through the GCC box to the promoter of an intermediate transcription factor that in turn activates these AtERFs. The tomato Pti4 protein, when over-expressed in Arabidopsis was shown to bind to promoters lacking a GCC box suggesting it may bind to an alternate element or form interactions with other transcription factors that bind to those promoters (Chakravarthy et al., 2003) . Although Büttner and Singh (1997) showed that AtEBP (an ERF) was able to interact with OBF4 (a bZIP transcription factor), very little is known about ERF interacting proteins. In addition, the reduction of the ET mediated expression of AtERFs, rather than a complete loss of response suggests that other Oñate-Sánchez et al. 
Materials and Methods
Plant material and treatments. Gene expression analysis RNA isolation and cDNA synthesis were performed using the Purescript RNA isolation kit (Gentra Systems, Minneapolis) according to Oñate-Sánchez and Singh, (2002) . RNA was reverse transcribed using MLV (Promega) and the equivalent of 16ng was used for quantitative real time polymerase chain reactions (qRTPCR).
qRTPCR was performed using a MyCycler TM (Bio-Rad). Reactions were set-up according to Klok et al. (2002) supplementary Table   SI .
Assessment of susceptibility of Arabidopsis lines to pathogens.
Rhizoctonia solani strains ZG3 and ZG5 were grown in PDB (Booth, 1977) Inoculation of plants with was done by transplanting one week old soil grown seedlings into 5x5x6 cm pots containing vermiculite inoculated with 5ml of inoculum containing the equivalent of 2.2mg dry homogenized mycelium per ml or 5ml sterile water for controls. Five plants were sown per pot with four replicate pots in a randomized split plot design making a total of 20 plants for each treatment-genotype combination. Plants were grown at 24°C with constant 100% soil moisture and 16
hours light per day for 3 weeks. After 3 weeks root dry weight was measured to give an indication of the extent of root rot. Gene expression is presented relative to average wild type levels. The average and standard error of two technical replicates is presented. Oñate-Sánchez et al.
-22 -ethylene treatment. Gene expression is presented relative to untreated wild type levels.
Average and standard error of two biological replicates is presented. 
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